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Introduction
Biphenyl exists naturally as a component of 
crude oil and coal tar. Biphenyl is currently 
used as a chemical synthesis intermediate 
(including in the synthesis of the sodium salt 
of 2-hydroxybiphenyl, a pesticide known 
as Dowicide 1), as a dye carrier in polyester 
dyeing, and as a component in heat transfer 
fluids (consisting of 26.5% biphenyl and 
73.5% diphenyl oxide). Biphenyl has been 
used as a fungistat, most commonly to 
preserve packaged citrus fruits or in plant 
disease control (as reviewed by HSDB 2014; 
IPCS 1999); U.S. registration of biphenyl as 
a pesticide (fungistat and antimicrobial agent) 
was cancelled [U.S. Environmental Protection 
Agency (EPA) 1998].

Biphenyl is listed as a high-volume produc-
tion (HPV) chemical in the United States 
(Kim et al. 2015) and in Europe (OECD 
2004). An HPV chemical is produced or 
imported into the United States in quantities 
of 1 million pounds per year (Bishop et al. 
2012). Biphenyl is also listed as a hazardous 
air pollutant under the Clean Air Act (U.S. 
EPA 2014b, 2016b), and has been found at 
multiple Superfund sites (U.S. EPA 2014a).

To support programmatic needs, the U.S. 
EPA’s Integrated Risk Information System 
(IRIS) Program developed an updated human 
health assessment of biphenyl (U.S. EPA 
2013). Overall, the toxicological review was 
developed according to the general framework 
for risk assessment set forth by the National 

Research Council (NRC 1983, 1994), as 
well as applicable U.S. EPA guidance (U.S. 
EPA 2016a). The literature on relevant health 
effects for biphenyl was identified through 
comprehensive searches of online scientific 
databases [including PubMed, Toxline, 
Biosis, Embase, Toxcenter, Current Contents, 
and Toxic Substances Control Act Test 
Submissions (TSCATS)] using the Chemical 
Abstracts Service Registry Number (CASRN; 
92-52-4), the common chemical name, and 
synonyms. Primary peer-reviewed literature 
published from 1926 through September 2012 
was included in the evaluation of the health 
hazards of biphenyl exposure. Public submis-
sions to the U.S. EPA were also considered 
for inclusion. The Toxicological Review of 
Biphenyl (U.S. EPA 2013) provides additional 
details regarding the literature search strategy, 
all pertinent evidence and its interpretation 
in light of relevant U.S. EPA guidance, and 
quantitative analyses of carcinogenicity and 
effects other than cancer associated with oral 
exposure to biphenyl, including dose–response 
analyses and toxicity value derivations. 
Completion of the Toxicological Review of 
Biphenyl involved review by scientists within 
the U.S. EPA and other federal agencies and 
by the Executive Office of the President. 
In addition, the U.S. EPA elicited public 
comment and an external peer review, which 
was held at a public meeting.

In this article, we continue a series of 
recent IRIS assessments (Chiu et al. 2013; 

Guyton et al. 2014; Schlosser et al. 2015) 
by highlighting the following key scientific 
issues encountered in evaluating the poten-
tial impact of biphenyl exposure on human 
health: biphenyl metabolism; the carcino-
genicity of biphenyl, based on the analyses 
of multiple laboratory animal bioassays and 
mechanistic data; and the noncancer effects 
associated with biphenyl exposure, with a 
focus on renal toxicity.

Metabolism
Evidence for biphenyl metabolism in humans 
comes from a small number of in  vitro 
studies using tissues of human origin. In 
the human liver, biphenyl is hydroxylated 
to the following hydroxybiphenyls (HBPs), 
in order of increasing amounts (based on 
measures of hydroxylation activities): 2-HBP 
< 3-HBP < 4-HBP (Benford et al. 1981). 
Powis et  al. (1987) showed that 4-HBP 
is conjugated with glucuronic acid and 
sulphate in human liver and kidney tissue 
slices. Sulphotransferase activity for 2-, 3-, 
and 4-HBP was detected in various human 
surgical tissue sample preparations (liver, 
intestinal mucosa, lung, kidney, bladder, and 
brain) incubated with one of the hydroxy-
biphenyl isomers, with the highest activity 
found in the liver (Pacifici et al. 1991).

Human metabolism of biphenyl appears 
to be qualitatively similar to metabolism in 
experimental animals. In laboratory animals, 
biphenyl is converted to a range of hydroxyl
ated metabolites (Halpaap-Wood et al. 1981a, 
1981b; Meyer et al. 1976a, 1976b; Meyer and 
Scheline 1976; Meyer 1977). These metabo-
lites have been detected in urine as compounds 
conjugated to glucuronic acid and sulphate. 
4-HBP is a major metabolite in the rat, mouse, 
guinea pig, rabbit, and pig (Halpaap-Wood 
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et al. 1981b; Meyer and Scheline 1976; Meyer 
1977). Similar metabolites have been identi-
fied in the various mammalian species tested, 
although quantitative differences in metabo-
lite formation across species are evident. For 
example, 4,4´-dihydroxybiphenyl was identi-
fied as a major metabolite in the rat (Halpaap-
Wood et al. 1981a; Meyer and Scheline 1976; 
Meyer 1977), whereas 3,4´-dihydroxybiphenyl 
was identified as a major urinary metabolite 
in two strains of mice (Halpaap-Wood et al. 
1981a). 2-HBP is a minor pathway in both 
rats and mice, but is more easily detected 
in mice than in rats (Halpaap-Wood et al. 
1981a, 1981b).

In  vitro studies using animal systems 
support the findings from in  vivo urinary 
metabolite investigations that a range of 
hydroxylated biphenyl metabolites are formed 
and that 4-HBP is a major metabolite. 
Isolated rat and hamster hepatocytes metabo-
lized biphenyl primarily to 4-HBP and also 
to 4,4´-dihydroxybiphenyl (Bianco et  al. 
1979; Wiebkin et al. 1976, 1984). Billings 
and McMahon (1978) reported that 2- and 
3-HBP were detected (at similar levels) in 
mouse microsomes; whereas almost all 
hydroxylation of biphenyl in rat microsomes 
gave rise to 4-HBP, supporting the in vivo 
finding that more 2-HBP is formed in mice 
than in rats.

Biphenyl metabolism is mediated by cyto-
chrome (CYP) monooxygenases. Evidence 
of an arene oxide intermediate was reported 
by Billings and McMahon (1978). Studies 
in rodents to investigate the induction of 
Phase  I enzymes that catalyze biphenyl 
hydroxylation demonstrated that multiple 
CYP enzymes (e.g., CYP1A2 and CYP3A4) 
are likely involved in biphenyl hydroxylation. 
For example, pretreatment of rats (Wistar and 
CD strains) or mice (ICI and C57BL/6JHan 
strains) with phenobarbital (an inducer 
of CYP3A4, 2B6, and 2C8) or 3-methyl
cholanthrene (an inducer of CYP1A2) 
increased activities of liver microsomes to 
produce 2-, 3-, or 4-HBP from biphenyl to 
varying degrees depending on the inducer 
(Creaven and Parke 1966; Haugen 1981; 
Stuehmeier et al. 1982). β-Naphthoflavone 
(an inducer of CYP1A2; also known as 
5,6-benzoflavone) enhanced the urinary 
excretion of multiple hydroxylated biphenyl 
metabolites in male Sprague-Dawley rats, and 
shifted the principal metabolite from 4-HBP 
to 2-HBP and 2,5-dihydroxybiphenyl in male 
C57BL/6Tex mice (Halpaap-Wood et  al. 
1981a). CYP enzymes catalyzing hydroxyl-
ation of biphenyl and enzymes catalyzing the 
conjugation of hydroxybiphenyls with gluc-
uronic acid or sulphate have been detected 
in a number of mammalian tissues, with the 
highest levels found in the liver (Parkinson 
and Ogilvie 2008).

Carcinogenicity
The carcinogenic potential of biphenyl has not 
been investigated in humans. In 2-year animal 
bioassays, biphenyl dietary exposure was associ-
ated with an increased incidence of urinary 
bladder tumors in male F344 rats (Umeda 
et al. 2002) and liver tumors in female BDF1 
mice (Umeda et al. 2005). Although earlier 
dietary studies in rats and mice did not provide 
clear evidence of carcinogenicity (Ambrose 
et al. 1960; Dow Chemical 1953; Imai et al. 
1983; NCI 1968; Shiraiwa et al. 1989), these 
earlier studies differed in a number of respects 
(e.g., study design, conduct, and/or reporting 
of results; see Table 1) and were considered less 
informative for evaluating the carcinogenicity 
of biphenyl than were the studies conducted by 
Umeda et al. (2002) and Umeda et al. (2005). 
Summaries of the bioassays of biphenyl in rats 
and mice, including key study design features, 
are provided in Table 1. The following sections 
integrate key aspects of the animal carcinoge-
nicity evidence with genotoxicity and other 
mechanistic evidence in order to evaluate the 
potential for human carcinogencity.

Genotoxicity
Biphenyl genotoxicity was tested in prokaryotic 
and eukaryotic systems and nonhuman 
mammalian studies, both in vitro and in vivo. 
Mutation and DNA repair assays in prokary-
otic organisms provide consistently negative 
results both with and without the addition 
of a mammalian metabolic activation system 
(S9 mix, rat liver microsomal fraction) after 
biphenyl treatment (Bos et al. 1988; Brams 
et  al. 1987; Chung and Adris 2003; Cline 
and McMahon 1977; Garrett et  al. 1986; 
Glatt et  al. 1992; Haworth et  al. 1983; 
Hellmér and Bolcsfoldi 1992; Houk et  al. 
1989; Ishidate et al. 1984; Kojima and Hiraga 
1978; Narbonne et  al. 1987; Pagano et  al. 
1983, 1988; Probst et al. 1981; Purchase et al. 
1978; Westinghouse Electric 1977). In a non-
mammalian eukaryotic organism (Saccharomyces 
cerevisiae D7), biphenyl induced mitotic recom-
bination and gene conversion both with and 
without S9 (Pagano et al. 1988).

Results of genotoxicity assays of biphenyl-
exposed cultured mammalian cells were mostly 
negative when S9 mix was not present. For 
example, no mutations were detected in the 
hypoxanthine-guanine phosphoribosyltrans-
ferase (Hprt) gene in Chinese hamster V79 
cells (Glatt et al. 1992) and the thymidine 
kinase (tk) locus in mouse L5178Y/TK+/– 
lymphoma cells (Wangenheim and Bolcsfoldi 
1988) in the absence of S9. Chromosomal 
aberrations in several test systems were not 
increased significantly: Chinese hamster lung 
cells (Abe and Sasaki 1977; Ishidate and 
Odashima 1977; Ishidate et al. 1984; Sofuni 
et al. 1985), DNA strand breaks in mouse 
lymphoma L5178Y cells (Garberg et  al. 

1988), DNA repair in human lung fibroblasts 
(Snyder and Matheson 1985), and unsched-
uled DNA synthesis in rat primary hepatocytes 
(Brouns et al. 1979; Hsia et al. 1983; Probst 
et al. 1981; Williams et al. 1989). The only 
positive findings without S9 were reported 
by Rencüzoğullari et al. (2008) who found 
dose-related increases of micronuclei, chromo
somal aberrations, and sister chromosomal 
exchanges (SCEs) in human primary periph-
eral lymphocytes; dose-dependent cytotoxicity 
was also observed.

Very few studies examined genotoxicity 
end points in the presence of S9, and these 
have reported mixed results. Hprt gene muta-
tions in Chinese hamster V79 cells (Glatt et al. 
1992), chromosomal aberrations in Chinese 
hamster lung fibroblasts (Sofuni et al. 1985), 
and DNA strand breaks in mouse lymphoma 
L5178Y cells (Garberg et  al. 1988) were 
observed with S9. Forward mutations in 
mouse L5178Y/TK+/– lymphoma cells were 
reported, but the observation of mutations was 
accompanied by cytotoxicity (Wangenheim 
and Bolcsfoldi 1988). A cell transformation 
assay in human and hamster cells was negative 
in the presence of S9 (Purchase et al. 1978).

Evaluations of the potential genotoxicity 
of biphenyl in  vivo found no evidence of 
chromosomal aberrations in rat bone marrow 
following inhalation exposure to biphenyl 
dust (Johnston et al. 1976) or micronuclei in 
mouse bone marrow after a single gavage dose 
(Gollapudi et al. 2007). However, positive 
results were reported for DNA strand breaks 
in stomach, blood, liver, bone marrow, kidney, 
bladder, lung, and brain of mice administered 
single doses of 2,000 mg biphenyl/kg (Sasaki 
et al. 1997, 2002).

Genotoxicity assays of biphenyl metabo-
lites suggest that the metabolites may be 
more genotoxic than the parent compound. 
Metabolism of 2-HBP may induce oxidative 
DNA damage resulting from redox cycling 
between 2,5-dihydroxybiphenyl and phenyl-
benzoquinone (Balakrishnan et  al. 2002; 
Kwok et al. 1999). Limited evidence for this 
can be found in positive results in two bacte-
rial strains developed to be sensitive to oxida-
tive DNA damage (Fujita et al. 1985; Tani 
et al. 2007). Micronuclei (Balakrishnan et al. 
2002) and DNA strand breaks (Sasaki et al. 
1997, 2002) were reported in in vivo studies 
on 2-HBP. Whether DNA damage is caused 
by a direct reaction with DNA or by indirect 
damage from reactive oxygen species generated 
from redox cycling, or some combination of 
these mechanisms, is unknown. Studies that 
investigated DNA adduct formation using 
2-HBP were mostly negative (Kwok et  al. 
1999; Smith et al. 1998), except for one study 
of very high doses applied to skin (Pathak and 
Roy 1993). One study that directly tested 
the mutagenicity of the major metabolite, 
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4-hydroxybiphenyl, in the Ames assay was 
positive (Narbonne et al. 1987), but no other 
investigations of this metabolite were located.

In summary, biphenyl and its metabolites 
have some ability to induce genetic damage. 
A more detailed review of the genotoxic 
potential of biphenyl and its metabolites 
is provided in the Toxicological Review of 
Biphenyl (U.S. EPA 2013).

Urinary Bladder Tumors and 
Mechanistic Data Analysis
A dose-related increase in transitional cell 
papilloma and carcinoma of the urinary 
bladder was reported in male F344 rats 
exposed to biphenyl in the diet for 2 years 

(Umeda et  al. 2002) (Table  2). Related 
bioassay findings and physiological and mech-
anistic data support a hypothesized mode of 
action for biphenyl-induced urinary bladder 
tumors that includes the following key events: 
formation of urinary bladder calculi, damage 
of transitional epithelial cells of the urinary 
bladder leading to sustained regenerative cell 
proliferation and hyperplasia, and promotion 
of initiated cells in the urinary bladder with 
progression to urinary bladder papillomas and 
carcinomas. The evidence that supports this 
hypothesized mode of action is discussed in 
the remainder of this section.

Umeda et al. (2002) observed a strong 
association between bladder lesions, including 

calculi formation, transitional cell hyperplasia 
and papillomas/carcinomas, in male F344 
rats. Urinary bladder calculi (86%) and tran-
sitional cell hyperplasia (90%) occurred at 
the same dietary concentration of biphenyl 
(4,500 ppm) that induced urinary bladder 
transitional cell tumors (62%) (Umeda et al. 
2002). Urinary bladder calculi were present 
in 42 of 45 male rats with urinary bladder 
transitional cell hyperplasia, in 8 of 10 male 
rats with papillomas, and in all male rats with 
carcinomas. Urinary bladder calculi and tran-
sitional cell hyperplasia were not present at 
lower dietary concentrations, nor were tumors.

Histopathological observations of tran-
sitional cell hyperplasia in male rats exposed 

Table 1. Summary of tumor studies and related end points in biphenyl bioassays.

Reference

Strain/group size  
Duration  

Route/dose (mg/kg-day) Tumor findings Comments
Rat studies
Umeda et al. 2002 F344/50/sex/group

24 months
Diet/M: 0, 36.4, 110, 378; F: 0, 42.7, 

128, 438a

M (high-dose)—Bladder tumors (papilloma or 
carcinoma). Incidences (refer to Table 2)

F—No treatment-related tumors

•	 Other bladder findings:
— M (high-dose group only)—calculi and transitional cell 

hyperplasia and hematuria
— F (high-dose group only)—calculi and hyperplasia at lower 

incidence than M
— The physico-chemical characteristics of calculi in M and F 

rats differed
Shiraiwa et al. 1989 Wistar/50/sex/group

17 months
Diet/M: 0, 165, 353; F: 0, 178, 370b

M & F—No treatment-related tumors •	 Bladder findings: both M and F developed hematuria; urinary 
bladder stones (lower incidence in F); hyperplasia and 
papillomatosis of the mucosa of the urinary bladder

Ambrose et al. 1960 Albino (weanling)/15/sex/group
24 months
Diet/0, 1, 4, 8, 42, 84, 420, 840c

M—bladder tumors in 6 of 8 dose groups 
(controls–2/9; 1–2/8; 8–1/9; 84–1/9; 
420–1/2; and 840–1/2) and female control 
rats (1/9)

F—bladder tumor in control only (1/9)

•	 Group sizes too small to establish whether bladder tumor 
incidence in M rats was dose related

•	 Survival in two highest dose groups only 13–33%
•	 Histopathological examination limited to terminal sacrifice 

animals only (n = 2–13 animals/group)
Pecchiai and  

Saffiotti 1957
Albino (M only)/8/group
13 months (with 2-month interim 

sacrifices)
Diet/0, 250, 450d

M—tumors of the forestomach epithelium 
(2 papillomas, 1 squamous cell carcinoma); 
dose groups for animals with tumors not 
specified

•	 At sacrifice, major tissues examined; bladder not included

Dow Chemical 1953 Sprague-Dawley/12/sex/group
24 months
Diet/0, 7, 73, 732e

M & F—No treatment-related tumors •	 Outbreak of pneumonia during study
•	 Poor survival (e.g., all control M died by 18 months and only 2 

of 12 mid-dose F survived to 21 months)
Mouse studies
Umeda et al. 2005 BDF1/50/sex/group

24 months
Diet/M: 0, 97, 291, 1,050; F: 0, 134, 

414, 1,420f

M—Incidences (refer to Table 3) of 
hepatocellular adenoma or carcinoma 
(combined) statistically significantly 
decreased with increasing dose

F—Incidences (refer to Table 3) of 
hepatocellular adenomas or carcinomas 
statistically significantly increased with 
increasing dose

•	 M: Although decreased, the incidences of hepatocellular 
adenoma or carcinoma (combined) were within the range of 
historical controls for that laboratory

•	 F: The incidences of hepatocellular tumors (adenomas, 
carcinomas, and adenomas and carcinomas combined) in 
mid- and high-dose F mice exceeded the range of historical 
controls for that laboratory

Imai et al. 1983 ddY (F only)/60/group
24 months
Diet/0, 855g

No treatment-related tumors •	 Histopathological findings reported only for 34–37 mice/group

Innes et al. 1969; NCI
1968

2 strains of F1 hybrids: B6C3F1 
(C57BL/6 × C3H/Anf) and B6AKF1 
(C57BL/6 × AKR)/18/sex/ strain/group

18 months: Through week 3: 0, 215 
(via gavage)

Remainder of study: 0, 91 (via diet)h

Reticular cell sarcoma incidence significantly 
elevated in B6AKF1 F mice (controls-4/82, 
treated-4/17), but not in M mice 
(controls-1/90, treated-0/17) of this strain or 
B6C3F1 mice of either sex (M: controls-5/79, 
treated-1/17; F: controls-4/87, treated-0/18)

•	 Histopathological examination limited to total chest contents, 
liver, spleen, kidneys with adrenals, stomach, and genital 
organs

•	 Biological significance of reticular cell sarcoma is not clear 
because the origin of this tumor was not specified. The tumor 
response may have been influenced by early-life exposure in 
this study, starting at 1 week of age

Abbreviations: M, male; F, female. aDoses calculated from dietary concentrations (0, 500, 1,500, or 4,500 ppm), time-weighted average body weights estimated from the graphically 
depicted data (Umeda et al. 2002; Figure 1), and chronic reference values for food consumption in F344 rats (U.S. EPA 1988). bDoses calculated based on reported values for mean 
daily biphenyl intake (mg biphenyl/rat) and mean initial and final body weights for each study group. Concentrations in feed were 0, 2,500, or 5,000 ppm. cDoses calculated from dietary 
concentrations (0, 10, 50, 100, 500, 1,000, 5,000, or 10,000 ppm) and from U.S. EPA (1988) reference values for body weight and food consumption in F344 rats (averages of values for M 
and F). dDoses estimated by authors. eDoses calculated from dietary concentrations (0, 100, 1,000, or 10,000 ppm) and from U.S. EPA (1988) chronic reference values for body weight 
and food consumption in Sprague-Dawley rats (average values for combined sexes). fDoses reported by authors. Concentrations in feed were 0, 667, 2,000, or 6,000 ppm. gDoses calcu-
lated from dietary concentrations (0 or 5,000 ppm), estimated food consumption rates (U.S. EPA 1988), and reported average terminal body weight (0.037 kg). hDoses calculated from 
dietary concentrations (0 or 517 ppm) and from U.S. EPA (1988) chronic reference values for body weight and food consumption in B6C3F1 mice (average values for combined sexes).
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to biphenyl are consistent with a regenerative 
response to sustained mechanical irritation of 
the epithelium (i.e., by calculi) rather than a 
direct effect of biphenyl. Umeda et al. (2002) 
reported that the hyperplastic lesions of the 
bladder were focal rather than diffuse. Among 
all three types of hyperplasia identified in the 
urinary bladder of high-dose F344 male rats, 
nodular hyperplasia (80%) occurred more 
frequently than simple (24%) or papillary 
hyperplasia (34%) (Table 2). By contrast, 
there is evidence that genotoxic bladder 
carcinogens without calculi formation induce 
a different profile and distribution of hyper-
plasias. For example, 2-acetylaminofluorene 
induced a 100% incidence of diffuse, simple 
hyperplasia in mice treated for 13 weeks, 
and a lower incidence (25%) of focal, 
nodular hyperplasia (Frith and Rule 1978). 
Observations of hematuria in male F344 rats 
in the Umeda et al. (2002) study also suggest 
that damage to the transitional epithelium 
was causally associated with mechanical irrita-
tion caused by calculi. Specifically, Umeda 
et al. (2002) reported that 94% of the 32 
male rats with hematuria had calculi in the 
bladder or kidneys.

Evidence from multiple studies of a 
temporal relationship among the key events 
further supports the hypothesized mode 
of action. Among male rats exposed to 
4,500 ppm dietary biphenyl, urinary bladder 
calculi were observed in the first male rat 
that died (week 36), evidence of blood in 
the urine was observed by week 40, and inci-
dences of bladder calculi and bloody urine 
that paralleled increases in mortality due to 
tumor formation were observed throughout 
the remainder of the study (Umeda et  al. 
2002). All but one urinary bladder tumor 
were identified after 75 weeks. These events 
provide evidence of a progression from calculi 
formation, to damage to the transitional 
epithelium, to bladder tumor induction. In 
a 75-week dietary study, male rats exposed 
to 5,000 ppm showed hematuria starting at 
16 weeks, becoming more noticeable after 
60 weeks of exposure (Shiraiwa et al. 1989). 
At the end of the 75-week treatment, calculi, 
hyperplasia, and papillomatosis of the mucusa 
in the urinary bladder, but not tumors, were 
observed. The late stage appearance of bladder 
tumors in the 2-year study by Umeda et al. 
(2002) suggests that the mechanical damage 
to the urinary bladder epithelium by calculi, 
evidenced by hematuria, was not sustained 
for sufficiently long to induce urinary 
bladder tumors in the 75-week Shiraiwa 
et al. (1989) study. Shibata et al. (1989b) 
observed biphenyl-induced calculi formation 
(microcalculi in the urine) and an increase 
in BrdU (5-bromo-2-deoxyuridine) incor-
poration (an index of urinary bladder transi-
tional cell proliferation) more than four times 

higher than control in male F344 rats after 
4–8 weeks exposure to 5,000 ppm biphenyl 
in the diet.

Although female F344 rats in the Umeda 
et al. (2002) study showed urinary bladder 
calculi (16%) and transitional cell hyperplasia 
(20%) at 4,500 ppm biphenyl in the diet, at 
a lower incidence than in male rats, urinary 
bladder transitional cell papillomas or carci-
nomas were not observed in female rats at any 
dose level (Table 2). The absence of female 
urinary bladder tumors in the presence of 
calculi may be explained by metabolic and 
physiological differences between male and 
female rats. The lower incidences of calculi 
formation in female rats are consistent with 
differences in biphenyl metabolism (Ohnishi 
et al. 2000b) and urine physiological proper-
ties (e.g., pH level) (Van Vleet et al. 2007) 
between male and female rats. The absence 
of urinary bladder tumors in female rats with 
urinary bladder calculi may be related to sex-
specific differences in the physical properties 
of biphenyl-induced calculi. The potassium 
salt of the sulphate conjugate of 4-HBP plays 
a pivotal role in forming the calculi, as it is 
the least soluble potassium salt among conju-
gates formed by the biphenyl metabolites 
(Ohnishi et al. 2000b). Indeed, the calculi 
in male rats were composed primarily of 
potassium 4-hydroxybiphenyl-O-sulphate 
(4-HBPOSK). By contrast, the calculi 
in female rats were composed primarily of 
4-HBP and potassium bisulphate, hydrolysis 
products of potassium 4-HBPOSK (Ohnishi 
et al. 2000b; Umeda et al. 2002).

The formation of calculi appears to result 
from the precipitation of the potassium salt 
of the sulphate conjugate of 4-HBP under 
the elevated pH conditions in male rat 
urine. Urine pH of male rats (pH = 7.97) 
in the 4,500-ppm group at the final week 

of exposure was statistically significantly 
higher compared with controls (pH = 7.66); 
whereas the urine pH of female rats exposed 
to 4,500 ppm for 2 years (pH = 7.26) was 
similar to controls (pH = 7.29) (Umeda et al. 
2002). In a subchronic study, urine crystals 
were found only in male rats coadminis-
tered biphenyl and potassium bicarbonate 
(KHCO3) in the diet for 13 weeks; urine 
crystals were not observed in male rats fed 
biphenyl, biphenyl and potassium chloride 
(KCl), or biphenyl and sodium bicarbonate 
(NaHCO3) (Ohnishi et al. 2000a), suggesting 
both elevated urinary pH (resulting from 
dietary administration of KHCO3) and potas-
sium were required for precipitation of crystals 
in urine. The sex-specific difference in pH 
induced by biphenyl treatment may further 
affect the activity of sulphatases in the kidney, 
as lysosomal sulphatases have optimal activity 
under acidic pH conditions (Hanson et al. 
2004). The lower pH of female urine thus 
may increase sulphatase activity and facilitate 
the hydrolysis of biphenyl sulfate conjugates, 
thereby reducing calculi formation.

The physical properties and structure 
of calculi in male and female rats exhibited 
differences (Ohnishi et  al. 2000b; Umeda 
et al. 2002) that could account for the differ-
ence in bladder tumor response in males 
and females. Urinary bladder calculi in male 
rats are highly heterogeneous; the aggregates 
can be triangular, pyramidal, or cubical in 
shape, and 0.3–1.0 cm in size, with diverse 
colors of white, yellow, brown, gray, and 
black. By contrast, calculi in female rats 
are of homogeneous size and spheroidal in 
shape, and consistently white or yellow in 
color. Structurally, male calculi were made 
of layers of 4-HBPOSK compactly covered 
with calcium phosphate; female calculi were 
needle-shaped crystals with places of open 

Table 2. Incidences of urinary bladder lesions in male and female F344 rats exposed to biphenyl in the 
diet for 2 years.

Exposure information Males Females

Dietary concentration (ppm) 0 500 1,500 4,500 0 500 1,500 4,500
Calculated dose (mg/kg-day)a 0 36.4 110 378 0 42.7 128 438
Urinary bladder lesion

Calculi 0/50 0/50 0/50 43/50** 0/50 0/50 0/50 8/50**
Transitional cell hyperplasia

Simple hyperplasiab 0/50 0/50 0/50 12/50* 0/50 0/50 1/50 1/50
Nodular hyperplasiab 0/50 0/50 0/50 40/50* 1/50 0/50 0/50 5/50
Papillary hyperplasiab 0/50 0/50 0/50 17/50* 0/50 0/50 0/50 4/50
Combined hyperplasia 0/50 0/50 0/50 45/50** 1/50 0/50 1/50 10/50**

Inflammatory polypb 0/50 0/50 0/50 10/50* 0/50 0/50 0/50 0/50
Transitional cell tumors

Papilloma 0/50 0/50 0/50 10/50* 0/50 0/50 0/50 0/50
Carcinoma 0/50 0/50 0/50 24/50* 0/50 0/50 0/50 0/50
Papilloma or carcinoma (combined) 0/50 0/50 0/50 31/50** 0/50 0/50 0/50 0/50

aCalculated doses based on time-weighted average body weights and chronic reference food consumption values for 
F344 rats (U.S. EPA 1988). bThe incidence is the sum of animals with severity grades of slight, moderate, marked, or 
severe. Adapted from Umeda Y, Arito H, Kano H, Ohnishi M, Matsumoto M, Nagano K, Yamamoto S, and Matsushima T. 
2002. Two-year study of carcinogenicity and chronic toxicity of biphenyl in rats. J Occup Health 44:176–183.
*Statistically significant (Fisher’s exact test, p < 0.05) compared with untreated controls, as reported by study authors; 
**Statistically significant (Fisher’s exact test, p < 0.05) compared with untreated controls, as determined by EPA.
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holes. Ohnishi et al. (2000b) suggested that 
calculus formation in males may involve a 
series of successive and irreversible reactions, 
whereas calculus formation in females appears 
to result from reversible reactions, including 
4-HBPOSK hydrolysis. The calculi formed 
in male rats are more stable than those in 
females. Presumably calculi formed in male 
rats produce sufficient mechanical damage 
to the urinary bladder epithelium to induce 
tumors, whereas the calculi in female rats, 
with different chemical composition and 
physical properties, do not. More research 
is needed to identify the specific physical 
or chemical properties of biphenyl-induced 
calculi that are associated with mechanical 
damage and subsequent tumor development.

Unlike the rat, urinary bladder calculi 
and tumors have not been observed in mice 
exposed to biphenyl (Table 1). The differences 
in urinary bladder response between rats and 
mice following biphenyl dietary exposure may 
be explained by the differences in biphenyl 
metabolism in these two species—in particular 
to the differences in the quantities formed 
of the biphenyl metabolites 4-HBP (rela-
tively greater in rats) and 2-HBP (relatively 
greater in mice) (see “Metabolism” section). 
Whether these species differences in biphenyl 
metabolism account for or contribute to the 
lack of urinary bladder calculi formation in 
mice is unknown (Umeda et al. 2005). Thus, 
species differences in bladder tumor induction 
requires further investigation.

As discussed previously, biphenyl and 
its metabolites may induce genetic damage; 
however, specific evidence is not available 
to establish a role for genotoxicity in the 
mode of action of biphenyl-induced urinary 
bladder tumors.

Liver Tumors and Mechanistic 
Data Analysis
Exposure to biphenyl in the diet for 2 years 
was associated with a statistically significant 
dose-related increase in the incidence of liver 
tumors (hepatocellular adenomas or carci-
nomas) in female BDF1 mice (Umeda et al. 
2005) (Table 3). In the same study, the inci-
dence of liver tumors in male mice showed a 
statistically significant decrease; however the 

incidences were within the range of histor-
ical controls for this laboratory (Table 3) 
and may reflect the higher background 
rate of hepatocellular tumors in male mice 
relative to female mice (32% in males, 6% 
in females) and the dose-related decrease in 
body weight (about a 30% weight reduction 
in the highest dose group). Similar decreasing 
trends in liver tumors that were associated 
with decreased body weight in B6C3F1 mice, 
as also occurred in the BDF1 mice exposed 
to biphenyl, have been judged not to demon-
strate anticarcinogenicity (e.g., Haseman and 
Johnson 1996; Leakey et al. 2003). Despite 
a similar body weight decrease (about a 25% 
decrease in the highest dose group), female 
mice still showed clear increases in tumors 
with increasing exposure, greater than in 
historical controls (Table 3).

There was no liver tumor response in 
either sex of B6C3F1 or B6AKF1 mice (NCI 
1968), but these evaluations were carried out 
at lower doses than those used by Umeda 
et al. (2005), for a shorter duration (18 rather 
than 24 months), and with treatment groups 
of no more than 18 animals. There was no 
observed liver tumor response in female ddY 
mice (Imai et  al. 1983)—males were not 
tested—with exposure at a level intermediate 
to the two higher exposures evaluated by 
Umeda et al. (2005). Umeda et al. (2005) 
suggested that the difference in response 
between the two studies might be due to 
differences in susceptibility between the two 
mouse strains, but specific support for this 
hypothesis is not available.

Investigation of possible liver tumor 
modes of action is limited to a 13-week 
dietary study that explored the possible 
association between biphenyl-induced prolif-
eration of peroxisomes and liver tumors in 
BDF1 mice (Umeda et al. 2004). Evidence 
of peroxisome proliferation was found in the 
highest-dose (16,000 ppm) group; however, 
peroxisome proliferation was not observed 
at concentrations with increased incidences 
of liver tumors in the 2-year bioassay in 
female BDF1 mice (Umeda et al. 2005). A 
peroxisome proliferation-related mode of 
action could not be established. As biphenyl 
and its metabolites may have the potential 

to induce genetic damage, the role of geno-
toxicity cannot be excluded. Overall, the 
available data are not adequate to hypothe
size a mode of action for biphenyl-induced 
hepatocarcinogenicity in female mice.

Human Relevance of Tumor 
Findings in Experimental Systems
In general, the U.S. EPA takes a public health 
protective position regarding the interpreta-
tion of carcinogenicity data: positive tumor 
findings in animals in the absence of mode 
of action information are judged to be 
relevant to humans (U.S. EPA 2005). In the 
case of biphenyl, a hypothesized mode of 
action cannot be developed for liver tumors. 
Therefore, because there is no evidence 
indicating that liver tumors in female mice 
are irrelevant to humans, the tumors are 
judged relevant. Evaluation of the relevance 
to humans for urinary bladder tumors in 
the rat, for which a mode of action has been 
hypothesized, follows below.

Limited evidence suggests that the 
proposed mode of action for biphenyl-induced 
urinary bladder tumors is relevant to humans 
under the assumption that urinary bladder 
calculi can be formed in humans at sufficient 
exposure levels. Calculi resulting from human 
exposure to substances other than biphenyl 
have been associated with urinary bladder irri-
tation, regeneration, and cancer (Capen et al. 
1999; Cohen 1995, 1998). Four case–control 
studies of urinary bladder cancer in white 
human populations published in the 1960s–
1980s found relative risks for an association 
between a history of urinary tract stones and 
bladder carcinomas ranging from 1.0 to 2.5 
(Capen et al. 1999). In addition, a population-
based cohort study found a significant excess 
of bladder cancer in patients hospitalized for 
kidney or ureter stones [standardized incidence 
ratio (SIR) of 1.4, 95% confidence interval 
(CI): 1.3, 1.6]; the risk for women (SIR = 2.8, 
95%  CI: 2.1,  3.5) was twice that of men 
(Chow et al. 1997).

Although there is no specific evidence 
of biphenyl induction of bladder calculi in 
humans, investigation of biphenyl metabo-
lism in vitro using human and rodent tissues 
reveals that human metabolism of biphenyl 

Table 3. Incidences of liver tumors in male and female BDF1 mice exposed to biphenyl in the diet for 2 years.

Exposure information Males Females

Dietary concentration (ppm) 0 667 2,000 6,000 0 667 2,000 6,000
Mean terminal body weight (g) ± SE 46.9 ± 4.9 43.1 ± 7.9 42.9 ± 6.0 32.4 ± 3.6 34.0 ± 4.0 32.5 ± 3.3 30.5 ± 3.1 25.5 ± 3.0
Calculated dose (mg/kg-day)a 0 97 291 1,050 0 134 414 1,420
Tumorb

Hepatocellular adenoma 8/50 6/49 7/50 3/50 2/50 3/50 12/50 10/49
Hepatocellular carcinoma 8/50 8/49 5/50 4/50 1/50 5/50 7/50 5/49
Hepatocellular adenoma or carcinoma (combined) 16/50* 12/49 9/50 7/50  3/50* 8/50 16/50 14/49

aCalculated doses based on time-weighted average body weights and chronic reference food consumption values for BDF1 mice (U.S. EPA 1988). bHistorical control data for hepato
cellular tumors: male BDF1 mouse: adenoma—17.2% (4–34%), carcinoma—18.8% (2–42%), adenoma/carcinoma—32.2% (10–68%); female BDF1 mouse: adenoma—4.8% (0–10%), 
carcinoma—2.5% (0–8%), adenoma/carcinoma—7.1% (2–14%). Source: historical control data provided by study investigators. Adapted from Umeda et al.(JVMS, Vol.67, No.4, 2005).
*Statistically significant trend (two-sided Cochran–Armitage trend test, p < 0.05), as determined by the U.S. EPA. 
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is qualitatively similar to rat metabolism [see 
“Metabolism” section and the Toxicological 
Review of Biphenyl, Section 3.3 (U.S. EPA 
2013) for further details].

Given physiological and anatomical 
differences between humans and rats, there 
is uncertainty in extrapolating the dose–
response relationship for biphenyl-induced 
calculi formation in male rats to humans. 
As discussed earlier, sex-specific differences 
in calculi formation in the rat suggest that 
urinary conditions, including urine pH, may 
play a role in calculi formation. Specifically, 
the precipitation of 4-HBPOSK in urine to 
form calculi might be associated with the 
higher (i.e., more basic) urine pH in male 
rats exposed to high dietary biphenyl concen-
trations. Because humans have on average a 
slightly more acidic urine than the rat (Cohen 
1995), humans might be less susceptible than 
the male rat to the development of urinary 
bladder calculi.

Another physiological factor poten-
tially contributing to lower susceptibility of 
humans is the difference in posture between 
rodents and humans. Based on the anatomy 
of the urinary tract in humans and their 
upright, bipedal stature, calculi are either 
quickly excreted in urine or cause obstruction, 
leading to pain and subsequent therapeutic 
removal of the calculi (Cohen 1995, 1998), 
and thus a relatively shorter duration of irrita-
tion of transitional epithelial cells lining the 
urinary bladder. By contrast, the horizontal 
quadruped stature of rodents is expected to 
promote calculi residency time in the bladder 
without causing obstruction. It is noteworthy 
that humans hold urine in the bladder and 
then release the urine at appropriate times, 
while rodents urinate more often. In humans, 
only continence under pathological condi-
tion, such as neurogenic bladder (i.e., a condi-
tion that can cause obstructive bladder), has 
been associated with increased risk of calculi 
formation and tumors (Gormley 2010).

Conclusions Regarding 
Carcinogenic Hazard
Under the U.S. EPA’s Guidelines for 
Carcinogen Risk Assessment (U.S. EPA 
2005), the database for biphenyl provides 
“suggestive evidence of carcinogenic poten-
tial” based on increased incidence of urinary 
bladder tumors (transitional cell papillomas 
or carcinomas) in male F344 rats (Umeda 
et  al. 2002) and liver tumors (hepatocel-
lular adenomas or carcinomas) in female 
BDF1 mice (Umeda et al. 2005) exposed to 
biphenyl in the diet for 2 years. Selection of 
this cancer descriptor takes into consideration 
the fact that urinary bladder tumors appear to 
be closely related to the formation of urinary 
bladder calculi occurring in the male rat only 
at relatively high biphenyl exposure levels.

Effects Other than Cancer
Epidemiological investigations of possible 
associations between exposure to biphenyl 
and health outcomes in humans are limited 
to two studies of workers exposed to biphenyl 
during production of biphenyl-impregnated 
fruit wrapping paper at mills in Finland and 
Sweden at concentrations above the occu-
pational threshold limit value (1.3 mg/m3; 
ACGIH 2001) (Seppäläinen and Häkkinen 
1975; Wastensson et al. 2006). These studies 
provide limited evidence of nervous system 
effects (i.e., abnormal electroencephalography 
and electroneuromyography; increased preva-
lence of Parkinson’s disease) associated with 
occupational biphenyl exposure. Experimental 
animal studies of ingested biphenyl provide 
consistent evidence that biphenyl exposure is 
associated with renal toxicity, some evidence 
that biphenyl exposure may be associated 
with liver toxicity, and limited evidence 
that biphenyl exposure may be associ-
ated with effects on the urinary bladder and 
developing fetus (Table 4). The toxicity of 
inhaled biphenyl has been investigated in 
two subchronic animal studies (Deichmann 
et al. 1947; Monsanto 1946; Sun 1977) that 
provide poor characterization of inhaled 
biphenyl toxicity because of study limitations 
that include lack of a control group, high 
variability in actual chamber concentrations, 
high mortality due to a malfunction of the 
temperature control of the inhalation chambers 
leading to overheating, and limited reporting 
of study details and histopathological findings. 
Table 4 summarizes the evidence for biphenyl 

noncancer toxicity across target organs and 
systems. Evidence for effects on the kidney, the 
primary target organ for biphenyl toxicity, is 
discussed below.

Exposure to biphenyl in the diet for 
2 years produced a range of histopathological 
changes in the kidney of F344 rats (Umeda 
et al. 2002); Figure 1 depicts the most sensi-
tive, dose-related measures of kidney effects. 
Mineralization of the papilla (part of the 
renal medulla) increased in a dose-related 
manner in both male and female rats; papil-
lary necrosis occurred in both sexes of rats 
at the high dose only. Papillary mineraliza-
tion can be found in association with papil-
lary necrosis (Bach and Nguyen 1998), and 
the histopathologic changes in the medulla 
overall suggest a continuum of increasing 
severity of damage from mineralization to 
necrosis with increasing biphenyl dose. In 
addition to effects in the papillary region of 
the medulla, dose-related histopathological 
changes, including mineralization, transi-
tional cell hyperplasia, desquamation, and 
calculus formation, were also observed in the 
renal pelvis of male and female rats (Umeda 
et al. 2002). Although calculus formation has 
been observed in the rat kidney (Umeda et al. 
2002), the kidney does not appear to be a 
target of biphenyl carcinogenicity.

A dose-related increase in the incidence 
of renal hemosiderin deposits was observed in 
female rats, but not in male rats at any dose 
level. Hemosiderin is an iron-protein complex 
that may result from hemoglobin degrada-
tion under various conditions (Jennette 

Table 4. Evidence for biphenyl noncancer toxicity.

Targets Key conclusions and evidence
Kidney Consistent evidence that biphenyl causes renal toxicity

•	Desquamation in both sexes of rats (Umeda et al. 2002) and both sexes of mice (Umeda et al. 
2005).

•	Mineralization in both sexes of rats (Umeda et al. 2002) and female mice (Umeda et al. 2005).
•	Necrosis and transitional cell hyperplasia in both sexes of rats (Umeda et al. 2002).
•	Tubular dilation in both sexes of rats (Ambrose et al. 1960; Dow Chemical 1953).
•	Tubular degeneration in male rats (Pecchiai and Saffiotti 1957).
•	Urine BUN level increased in both sexes of mice (Umeda et al. 2005).

Liver Some evidence that biphenyl causes liver toxicity
•	Increased liver weight in female albino and SD rats, female BDF1 mice and monkeys 

(Ambrose et al. 1960; Dow Chemical 1953; Umeda et al. 2005), but not in male or female 
F344 rats (Umeda et al. 2002).

•	Histopathological changes and increased liver enzymes were not observed consistently 
across different species/strains/sexes.

Urinary bladder Limited evidence that biphenyl causes urinary bladder toxicity
•	Toxicity, including urinary bladder hyperplasia and calculi, was observed in rats (F344 and 

Wistar) only (Shibata et al. 1989a; Shiraiwa et al. 1989; Umeda et al. 2002).
•	No lesions in urinary bladder in albino or SD rats (Ambrose et al. 1960; Dow Chemical 1953).
•	No changes in the urinary bladder in mice (Imai et al. 1983; Umeda et al. 2005).

Development Limited evidence that biphenyl causes developmental toxicity
•	A single developmental study found fetal skeletal anomalies (Khera et al. 1979).

Nervous system Limited evidence that biphenyl causes neurotoxicity
•	Abnormal electroencephalography and electroneuromyography and increases in clinical signs 

in workers exposed to biphenyl at concentrations that exceeded the occupational limit by up 
to 100 fold (Seppäläinen and Häkkinen 1975).

•	Increased prevalence of Parkinson’s disease in a factory where exposures were likely to have 
exceeded the threshold limit value (TLV) of 1.3 mg/m3 (Wastensson et al. 2006).
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et  al. 2007). However, without informa-
tion in Umeda et al. (2002) on severity and 
location of hemosiderin within the kidney, 
the biological significance of this end point 
is unclear. Kidney findings were consistently 
observed in other studies in rats, including 
tubular dilation or mild tubular degeneration 
in albino and Sprague-Dawley rats (Ambrose 
et al. 1960; Dow Chemical 1953; Pecchiai 
and Saffiotti 1957) and calculi formation 
in the renal pelvis in Wistar and albino rats 
(Ambrose et al. 1960; Shiraiwa et al. 1989).

In BDF1 mice exposed to biphenyl in the 
diet for 2 years, Umeda et al. (2005) reported 
dose-related pathological changes in the 
kidney, including desquamation of the renal 
pelvis and mineralization of the medulla, and 
increase in blood urea nitrogen (BUN) levels, 
the latter evidence of functional disruption 

of the kidney. The most sensitive measures of 
kidney toxicity were a dose-related increase 
in the incidence of mineralization in the 
inner stripe of outer medulla of the kidney 
and increased BUN levels, shown in Figure 2. 
Imai et al. (1983) did not find histopatho-
logical changes in the kidney of ddY mice 
exposed to biphenyl in diet for 2 years. This 
lack of response in the mouse kidney may 
be explained by limited power (only ~ 60% 
of the mice were subjected to pathological 
examination), and differences in strain suscep-
tibility (Umeda et al. 2005).

In summary, the available evidence 
supports the finding that kidney toxicity is a 
potential hazard of biphenyl exposure based 
on consistent evidence of biphenyl-induced 
kidney toxicity in studies in rats and some 
support from studies in mice.

Discussion
One of the challenges in interpreting the 
biphenyl health effects data for carcinogencity 
was that only one of the rat bioassays demon-
strated increased incidences of urinary bladder 
tumors, and that only one of the mouse bioas-
says demonstrated increased incidences of liver 
tumors. Systematic consideration of the avail-
able bioassays revealed a number of explana-
tions for the seeming lack of agreement within 
the database for each species.

Given the urinary bladder response 
demonstrated in the well-conducted 2-year 
bioassay in rats by Umeda et al. (2002), the 
other rat bioassays (Ambrose et al. 1960; Dow 
Chemical 1953; Shiraiwa et al. 1989) were less 
able to demonstrate a similar tumor response, 
each for a different set of reasons. The 75-week 
dietary study in Wistar rats by Shiraiwa et al. 

Figure 1. Dose–response relationships for kidney end points in male (left panel) and female (right panel) rats exposed to biphenyl in diet for 2 years. Pelvis hyper-
plasia (simple and nodular), papillary and pelvis mineralization, and hemosiderin deposition are the most sensitive measures of kidney effects in rats (Umeda et al. 
2002). Increased incidences of other histopathological changes (not shown in this graph) in the kidney were observed in high-dose animals only including renal 
pelvis desquamation, renal pelvis calculi, mineralization of the cortico-medullary junction in male rats; papillary necrosis in male and female rats; and infarct in 
female rats. Overall, these outcomes support a continuum of kidney effects, increasing in severity with higher exposure. Open symbols represent the observed 
proportions responding for each outcome, and bars represent corresponding 95% CIs, by exposure group. p-Values shown are from one-sided Cochran-Armitage 
trend tests.
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(1989) may have been too short to support 
observation of late-occurring tumors. Small 
sample sizes for the remaining studies limited 
the possibility of observing tumors. In 
Ambrose et al. (1960), evaluation of histopa-
thology only for rats surviving to study termi-
nation (as few as two per group at the higher 
doses) provided an inadequate number of 
observations to support evaluation of carcino-
genic potential. Similarly, the small numbers 
of Sprague-Dawley rats (12/sex/group) used in 
the 2-year bioassay by Dow Chemical (1953) 
and poor survival (including a pneumonia 
outbreak resulting in deaths of all control male 
rats by the end of year 1) may have impaired 
the ability to detect late-developing tumors. 
All of the studies used a different strain of 
rat, a known factor associated with sensitivity 
to cancer (Kacew et al. 1995). Overall, the 
experimental animal evidence for urinary 
bladder tumors shows differing, as opposed to 
conflicting, results.

Mechanistic and toxicokinetic informa-
tion can bring coherence to disparate findings 
across species and sexes. As discussed previ-
ously, the difference in urinary bladder tumor 
response in male and female rats is consistent 
with sex-specific differences in the physical and 
structural properties of the calculi and with 
the sex-specific physiological conditions (in 
particular, urinary pH) that may have led to 
the differences in calculi properties. The mech-
anistic basis for species differences in bladder 
tumor induction by biphenyl has not been 
investigated. However, as previously discussed, 
available toxicokinetic data indicate that the 
amount of 4-HBP, the biphenyl metabolite 
that plays an essential role in calculi forma-
tion, constitutes a larger proportion of total 
biphenyl metabolites in rats than in mice. The 
difference in the quantity of 4-HBP formed in 
rats and mice is concordant with the species 
differences in bladder tumor response.

In interpreting the biphenyl literature, 
consideration was also given to evidence from 
other chemicals that induce urinary bladder 
tumors. A hypothesized mode of action 
involving calculi formation, mechanical 
damage to transitional epithelium, regenera-
tive proliferation, subsequent hyperplasia, and 
urinary bladder tumor induction has been 
proposed for other chemicals, including 
melamine, uracil, and the sodium salt 
of 2-HBP, that all induce urinary bladder 
tumors in rodents (Capen et al. 1999; Cohen 
1995, 1998; IARC 1999). These findings 
provide precedent for the proposed mode of 
action of biphenyl, which follows a similar 
series of key events in male rats.

Similar to the urinary bladder tumor 
findings, the evidence for liver tumor responses 
associated with biphenyl exposure generally 
shows differing, rather than conflicting, results, 
given the variety of study designs used. The 

positive liver tumor finding in female BDF1 
mice in the well-conducted 2-year study by 
Umeda et al. (2005) was not observed in any 
other mouse studies. NCI (1968) found no 
liver tumor response in B6C3F1 or B6AKF1 
mice, but these evaluations were carried out 
at a lower dose than those used by Umeda 
et al. (2005), for a shorter duration (18 rather 
than 24 months), and with treated groups of 
no more than 18 animals. Imai et al. (1983) 
did not observe an increased incidence of liver 
tumors in a 2-year bioassay in ddY mice at 
a dose that induced liver tumors in female 
BDF1 mice. The reason for the difference 
in response between Imai et al. (1983) and 
Umeda et al. (2005) is unknown, but may be 
related to mouse strain differences (Umeda 
et al. 2005). Unlike biphenyl-induced urinary 
bladder tumors, the limited mechanistic and 
toxicokinetic information related to liver 
tumor formation provides little insight into 
the different liver tumor responses across 
sexes of mice.

As noted in U.S. EPA (2005), support for 
human carcinogenic potential of an agent is 
provided by positive results in animal experi-
ments in more than one species, sex, or site. 
For biphenyl, the two positive cancer results, 
bladder tumors and liver tumors, are in 
different sexes of different species (male rats 
and female mice, respectively). Support for 
carcinogenic potential would be increased if 
at least one of these species–sex groups had 
demonstrated multiple tumor types, such as 
both of these outcomes. The fact that neither 
site was repeated in the other group is unre-
markable, however, because site concordance 
across species or sexes is not always expected 
(U.S. EPA 2005). Finally, although replica-
tion of the observed outcomes in similar 
studies would provide greater confidence in 
this human carcinogenic potential determina-
tion, strong support follows from the outcomes 
being demonstrated in the best quality studies 
available, namely, Umeda et al. (2002) and 
Umeda et al. (2005); both studies used a rela-
tively low range of dose levels and evaluated 
a larger number of animals (50/sex/exposure 
group) among the available studies, and were 
conducted in the same laboratory, increasing 
comparability across the rat and mice results.

References

Abe S, Sasaki M. 1977. Chromosome aberrations and 
sister chromatid exchanges in Chinese hamster 
cells exposed to various chemicals. J Natl Cancer 
Inst 58:1635–1641.

ACGIH (American Conference of Governmental Industrial 
Hygienists). 2001. Biphenyl. In: Documentation of 
the Threshold Limit Values and Biological Exposure 
Indices. 7th ed. Cincinnati, OH:ACGIH Worldwide.

Ambrose AM, Booth AN, Deeds F, Cox AJ Jr. 1960. A 
toxicological study of biphenyl, a citrus fungistat. 
Food Res 25:328–336.

Bach PH,  Nguyen TK.  1998.  Renal  papi l lary 
necrosis—40 years on. Toxicol Pathol 26:73–91.

Balakrishnan S, Uppala PT, Rupa DS, Hasegawa L, 
Eastmond DA. 2002. Detection of micronuclei, cell 
proliferation and hyperdiploidy in bladder epithe-
lial cells of rats treated with o-phenylphenol. 
Mutagenesis 17:89–93.

Benford DJ, Bridges JW, Boobis AR, Kahn GC, 
Brodie MJ, Davies DS. 1981. The selective activa-
tion of cytochrome P-450 dependent microsomal 
hydroxylases in human and rat liver microsomes. 
Biochem Pharmacol 30:1702–1703.

Bianco PJ, Jones RS, Parke DV. 1979. Effects of 
carcinogens on biphenyl hydroxylation in isolated 
rat hepatocytes. Biochem Soc Trans 7:639–641.

Billings RE, McMahon RE. 1978. Microsomal biphenyl 
hydroxylation: the formation of 3-hydroxybiphenyl 
and biphenyl catechol. Mol Pharmacol 14:145–154.

Bishop PL, Manuppello JR, Willett CE, Sandler JT. 
2012. Animal use and lessons learned in the U.S. 
High Production Volume Chemicals Challenge 
Program. Environ Health Perspect 120:1631–1639, 
doi:10.1289/ehp.1104666.

Bos RP, Theuws JLG, Jongeneelen FJ, Henderson PT. 
1988. Mutagenicity of bi-, tri- and tetra-cyclic 
aromatic hydrocarbons in the “taped-plate assay” 
and in the conventional Salmonella mutagenicity 
assay. Mutat Res 204:203–206.

Brams A, Buchet JP, Crutzen-Fayt MC, De Meester C, 
Lauwerys R, Léonard A. 1987. A comparative 
study, with 40 chemicals, of the efficiency of the 
Salmonella assay and the SOS chromotest (kit 
procedure). Toxicol Lett 38:123–133.

Brouns RE, Poot M, de Vrind R, von Hoek-Kon T, 
Henderson PT, Kuyper CMA. 1979. Measurement 
of DNA-excision repair in suspensions of freshly 
isolated rat hepatocytes after exposure to some 
carcinogenic compounds: its possible use in 
carcinogenicity screening. Mutat Res 64:425–432.

Capen CC, Dybing E, Rice JM, Wilbourn JD, eds. 
1999. Species Differences in Thyroid, Kidney 
and Urinary Bladder Carcinogenesis. Lyon, 
France:International Agency for Research on 
Cancer. Available: http://monographs.iarc.fr/ENG/
Publications/pub147/IARCpub147.pdf [accessed 
20 October 2015].

Chiu WA, Jinot J, Scott CS, Makris SL, Cooper GS, 
Dzubow RC, et  al. 2013. Human health effects 
of trichloroethylene: key findings and scientific 
issues. Environ Health Perspect 121:303–311, 
doi:10.1289/ehp.1205879.

Chow WH,  L indblad P,  Gr id ley  G,  Nyrén  O, 
McLaughlin  JK, Linet MS, et  al. 1997. Risk of 
urinary tract cancers following kidney or ureter 
stones. J Natl Cancer Inst 89:1453–1457.

Chung KT, Adris P. 2003. Growth inhibition of intes-
tinal bacteria and mutagenicity of 2-, 3-, 4-amino
biphenyls, benzidine, and biphenyl. Toxicol In Vitro 
17:145–152.

Cline JC, McMahon RE. 1977. Detection of chemical 
mutagens: use of concentration gradient plates in 
a high capacity screen. Res Commun Chem Pathol 
Pharmacol 16:523–533.

Cohen SM. 1995. Cell proliferation in the bladder 
and implications for cancer risk assessment. 
Toxicology 102:149–159.

Cohen SM. 1998. Cell proliferation and carcinogenesis. 
Drug Metab Rev 30:339–357.

Creaven PJ, Parke DV. 1966. The stimulation of 
hydroxylation by carcinogenic and non-carcino-
genic compounds. Biochem Pharmacol 15:7–18.

Deichmann WB, Kitzmiller KV, Dierker M, Witherup S. 
1947. Observations on the effects of diphenyl, o- 
and p-aminodiphenyl, o- and p- nitrodiphenyl and 

http://monographs.iarc.fr/ENG/Publications/pub147/IARCpub147.pdf
http://monographs.iarc.fr/ENG/Publications/pub147/IARCpub147.pdf


Biphenyl health effects and scientific issues

Environmental Health Perspectives  •  volume 124 | number 6 | June 2016	 711

dihydroxyoctachlorodiphenyl upon experimental 
animals. J Ind Hyg Toxicol 29:1–13.

Dow Chemical (Dow Chemical Company). 1953. 
Toxicological Study of Diphenyl in Citrus Wraps 
with Cover Letter. Menlo Park, CA:Stanford 
Research Institute. Available: https://ntrl .
n t is .gov/NTRL/dashboard/searchResul ts .
xhtml?searchQuery=OTS0206456 [accessed 
20 October 2015].

Frith CH, Rule JE. 1978. The effects of discontinuing 
administration of high levels of 2-acetylaminofluo-
rene on the transitional epithelium of the mouse 
urinary bladder. J Environ Pathol Toxicol 1:581–585.

Fujita H, Kojima A, Sasaki M, Higara K. 1985. 
Mutagenicity test of antioxidants and fungicides 
with Salmonella typhimurium TA97a, TA102 [in 
Japanese]. Tokyo-toritsu Eisei Kenkyusho Kenkyu 
Nenpo 36:413–417.

Garberg P, Akerblom EL, Bolcsfoldi G. 1988. Evaluation 
of a genotoxicity test measuring DNA-strand breaks 
in mouse lymphoma cells by alkaline unwinding and 
hydroxyapatite elution. Mutat Res 203:155–176.

Garrett NE, Stack HF, Waters MD. 1986. Evaluation of 
the genetic activity profiles of 65 pesticides. Mutat 
Res 168:301–325.

Glatt H, Anklam E, Robertson LW. 1992. Biphenyl and 
fluorinated derivatives: liver enzyme-mediated muta-
genicity detected in Salmonella typhimurium and 
Chinese hamster V79 cells. Mutat Res 281:151–156.

Gollapudi BB, Schisler MR, Goldern RM. 2007. 
Evaluation of Biphenyl FP in the Mouse  Bone 
Marrow Micronucleus Test. Midland, MI:Dow 
Chemical Company and St. Louis, MO:Solutia, 
Inc. Available: https://www.regulations.gov/​
#!documentDetail;D=EPA-HQ-ORD-2011-0739-0008 
[accessed 11 April 2016].

Gormley EA. 2010. Urologic complications of the 
neurogenic bladder. Urol Clin North Am 37:601–607.

Guyton KZ, Hogan KA, Scott CS, Cooper GS, Bale AS, 
Kopylev L, et al. 2014. Human health effects of tetra-
chloroethylene: key findings and scientific issues. 
Environ Health Perspect 122:325–334, doi:10.1289/
ehp.1307359.

Halpaap-Wood K, Horning EC, Horning MG. 1981a. 
The effect of 3-methylcholanthrene, Aroclor 1254, 
and phenobarbital induction on the metabolism of 
biphenyl by rat and mouse 9000g supernatant liver 
fractions. Drug Metab Dispos 9:103–107.

Halpaap-Wood K, Horning EC, Horning MG. 1981b. The 
effect of phenobarbital and beta-naphthoflavone 
induction on the metabolism of biphenyl in the rat 
and mouse. Drug Metab Dispos 9:97–102.

Hanson SR, Best MD, Wong CH. 2004. Sulfatases: 
structure, mechanism, biological activity, inhibi-
tion, and synthetic utility. Angew Chem Int Ed Engl 
43:5736–5763.

Haseman JK, Johnson FM. 1996. Analysis of National 
Toxicology Program rodent bioassay data for anti-
carcinogenic effects. Mutat Res 350:131–141.

Haugen DA. 1981. Biphenyl metabolism by rat liver micro-
somes: regioselective effects of inducers, inhibitors, 
and solvents. Drug Metab Dispos 9:212–218.

Haworth S, Lawlor T, Mortelmans K, Speck W, Zeiger E. 
1983. Salmonella mutagenicity test results for 250 
chemicals. Environ Mutagen 5(suppl 1):3–142.

Hellmér L, Bolcsfoldi G. 1992. An evaluation of the 
E. coli K-12 uvrB/recA DNA repair host-mediated 
assay. I. In vitro sensitivity of the bacteria to 61 
compounds. Mutat Res 272:145–160.

Houk VS, Schalkowsky S, Claxton LD. 1989. Develop
ment and validation of the spiral Salmonella assay: 
an automated approach to bacterial mutagenicity 
testing. Mutat Res 223:49–64.

HSDB (Hazardous Substances Data Bank). 2014. 

Biphenyl-CASRN 92-52-4. Available: http://
toxnet.nlm.nih.gov/cgi-bin/sis/search2/f?./
temp/~ sj6N5p:1 [accessed 20 October 2015].

Hsia MTS, Kreamer BL, Dolara P. 1983. A rapid and 
simple method to quantitate chemically induced 
unscheduled DNA synthesis in freshly isolated 
rat hepatocytes facilitated by DNA retention of 
membrane filters. Mutat Res 122:177–185.

IARC (International Agency for Research on Cancer). 
1999. Some chemicals that cause tumours of the 
kidney or urinary bladder in rodents and some 
other substances. IARC Monogr Eval Carinog 
Risk Hum 73. Available: http://monographs.iarc.fr/
ENG/Monographs/vol73/mono73.pdf [accessed 
20 October 2015].

Imai S, Morimoto J, Sekigawa S. 1983. Additive toxicity 
test of thiabendazole and diphenyl in mice [in 
Japanese]. Nara Igaku Zasshi 34:512–522.

Innes JRM, Ulland BM, Valerio MG, Petrucelli L, 
Fishbein L, Hart ER, et al. 1969. Bioassay of pesti-
cides and industrial chemicals for tumorigenicity 
in mice: a preliminary note. J Natl Cancer Inst 
42:1101–1114.

IPCS (International Programme on Chemical Safety). 
1999. Concise International Chemical Assessment 
Document 6: Biphenyl. Available: http://www.
inchem.org/documents/cicads/cicads/cicad06.
htm#PartNumber:4 [accessed 20 October 2015].

Ishidate M Jr, Odashima S. 1977. Chromosome tests 
with 134 compounds on Chinese hamster cells 
in vitro—a screening for chemical carcinogens. 
Mutat Res 48:337–353.

Ishidate M Jr, Sofuni T, Yoshikawa K, Hayashi M, 
Nohmi T, Sawada M, et al. 1984. Primary mutagen-
icity screening of food additives currently used in 
Japan. Food Chem Toxicol 22:623–636.

Jennette JC, Olson JL, Schwartz MM, Silva FG. 2007. 
Heptinstall’s Pathology of the Kidney. 6th ed. 
Philadelphia, PA:Lippincott Williams & Wilkins.

Johnston RV, Schwetz BA, Middleton JJ, Lisowe 
RW. 1976. Cytogenetic Effects of Diphenyl-99 
on Rat Bone Marrow Cells. Midland, MI:Dow 
Chemical Company. Available: https://www.
regulat ions.gov/#!documentDetai l ;D=EPA-
HQ-ORD-2011-0739-0008 [accessed 11 April 2016]

Kacew S, Ruben Z, McConnell RF. 1995. Strain as a 
determinant factor in the differential responsive-
ness of rats to chemicals. Toxicol Pathol 23:701–714.

Khera KS, Whalen C, Angers G, Trivett G. 1979. 
Assessment of the teratogenic potential of piper-
onyl butoxide, biphenyl, and phosalone in the rat. 
Toxicol Appl Pharmacol 47:353–358.

Kim HY, Shin SM, Ham M, Lim CH and Byeon SH. 
2015. Exposure monitoring and risk assessment of 
biphenyl in the workplace. Int J Environ Res Public 
Health 12:5116–5128, doi:10.3390/ijerph120505116.

Kojima A, Hiraga K. 1978. Mutagenicity of citrus fungi-
cides in the microbial system [in Japanese]. Tokyo-
toritsu Eisei Kenkyusho Kenkyu Nenpo 29:83–85.

Kwok ES, Buchholz BA, Vogel JS, Turteltaub KW, 
Eastmond DA. 1999. Dose-dependent binding of 
ortho-phenylphenol to protein but not DNA in the 
urinary bladder of male F344 rats. Toxicol Appl 
Pharmacol 159:18–24.

Leakey JE, Seng JE, Allaben WT. 2003. Body weight 
considerations in the B6C3F1 mouse and the use 
of dietary control to standardize background 
tumor incidence in chronic bioassays. Toxicol 
Appl Pharmacol 193:237–265.

Meyer T. 1977. The metabolism of biphenyl. IV. Phenolic 
metabolites in the guinea pig and the rabbit. Acta 
Pharmacol Toxicol (Copenh) 40:193–200.

Meyer T, Aarbakke J, Scheline RR. 1976a. The 
metabolism of biphenyl. I. Metabolic disposition 

of 14C-biphenyl in the rat. Acta Pharmacol Toxicol 
(Copenh) 39:412–418.

Meyer T, Larsen J, Hansen EV, Scheline RR. 1976b. The 
metabolism of biphenyl. III. Phenolic metabolites 
in the pig. Acta Clin Pharmacol Toxicol (Copenh) 
39:433–441.

Meyer T, Scheline RR. 1976. The metabolism of 
biphenyl. II. Phenolic metabolites in the rat. Acta 
Clin Pharmacol Toxicol (Copenh) 39:419–432.

Monsanto (Monsanto Company). 1946. Final Report 
on the Physiological Response of Experimental 
Animals to the Absorption of Diphenyl, and Several 
Resins, Elastomers and Plastics with Cover Letter 
(Sanitized). EPA Document No. 878213563. St. 
Louis, MO:U.S. Environmental Protection Agency. 
Available: https://ntrl.ntis.gov/NTRL/dashboard/
searchResults.xhtml?searchQuery=OTS0206411 
[accessed 20 October 2015].

Narbonne JF, Cassand P, Alzieu P, Grolier P, Mrlina G, 
Calmon JP. 1987. Structure-activity relationships 
of the N-methylcarbamate series in Salmonella 
typhimurium. Mutat Res 191:21–27.

NCI (National Cancer Institute). 1968. Evaluation 
of Carcinogenic, Teratogenic and Mutagenic 
Activities of Selected Pesticides and Industrial 
Chemicals. Volume I. Carcinogenic Study. 
NCI-DCCP-CG-1973-1-1. Bethesda, MD:National 
Institutes of Health. Available: https://ntrl.
n t is .gov/NTRL/dashboard/searchResul ts .
xhtml?searchQuery=PB223159 [accessed 20 October 
2015].

NRC (National Research Council). 1983. Risk Assessment 
in the Federal Government: Managing the Process. 
Washington, DC:National Academy Press. Available: 
http://www.nap.edu/openbook.php?record_
id=366&page=R1 [accessed 20 October 2015].

NRC. 1994. Science and Judgment in Risk Assessment. 
Washington DC:National Academy Press. Available: 
http://www.nap.edu/read/2125 [accessed 11 April 
2016].

OECD (Organization for Economic Co-operation and 
Development). 2004. The 2004 OECD List of High 
Production Volume Chemicals. Paris, France:OECD. 
Available: http://www.oecd.org/chemicalsafety/
risk-assessment/33883530.pdf [accessed 20 October 
2015].

Ohnishi M, Yajima H, Takemura T, Yamamoto S, 
Matsushima T, Ishii T. 2000a. Characterization of 
hydroxy-biphenyl-O-sulfates in urine and urine 
crystals induced by biphenyl and KHCO3 adminis-
tration in rats. J Health Sci 46:299–303.

Ohnishi M, Yajima H, Yamamoto S, Matsushima T, 
Ishii T. 2000b. Sex dependence of the components 
and structure of urinary calculi induced by biphenyl 
administration in rats. Chem Res Toxicol 13:727–735.

Pacifici GM, Vannucci L, Bencini C, Tusini G, Mosca F. 
1991. Sulphation of hydroxybiphenyls in human 
tissues. Xenobiotica 21:1113–1118.

Pagano G, Cipollaro M, Corsale G, Della Morte R, 
Esposito A, Giordano GG, et al. 1988. Comparative 
toxicity of diphenyl, diphenyl ester, and some 
of their hydroxy derivatives. Medecine Biologie 
Environnement 16:291–297.

Pagano G, Esposito A, Giordano GG, Vamvakinos E, 
Quinto I, Bronzetti G, et al. 1983. Genotoxicity and 
teratogenicity of diphenyl and diphenyl ether: a 
study of sea urchins, yeast, and Salmonella 
typhimurium. Teratog Carcinog Mutagen 3:377–393.

Parkinson A, Ogilvie BW. 2008. Biotransformation of 
xenobiotics. In: Casarett and Doull’s Toxicology: 
The Basic Science of Poisons (Klaassen CD, ed). 
7th ed. New York, NY:McGraw-Hill, 161–304.

Pathak DN, Roy D. 1993. In vivo genotoxicity of sodium 
ortho-phenylphenol: phenylbenzoquinone is one 

https://ntrl.ntis.gov/NTRL/dashboard/searchResults.xhtml?searchQuery=OTS0206456
https://ntrl.ntis.gov/NTRL/dashboard/searchResults.xhtml?searchQuery=OTS0206456
https://ntrl.ntis.gov/NTRL/dashboard/searchResults.xhtml?searchQuery=OTS0206456
https://www.regulations.gov/ #!documentDetail;D=EPA-HQ-ORD-2011-0739-0008 
https://www.regulations.gov/ #!documentDetail;D=EPA-HQ-ORD-2011-0739-0008 
http://toxnet.nlm.nih.gov/cgi-bin/sis/search2/f?./temp/~ sj6N5p:1
http://toxnet.nlm.nih.gov/cgi-bin/sis/search2/f?./temp/~ sj6N5p:1
http://toxnet.nlm.nih.gov/cgi-bin/sis/search2/f?./temp/~ sj6N5p:1
http://monographs.iarc.fr/ENG/Monographs/vol73/mono73.pdf
http://monographs.iarc.fr/ENG/Monographs/vol73/mono73.pdf
http://www.inchem.org/documents/cicads/cicads/cicad06.htm#PartNumber:4
http://www.inchem.org/documents/cicads/cicads/cicad06.htm#PartNumber:4
http://www.inchem.org/documents/cicads/cicads/cicad06.htm#PartNumber:4
https://www.regulations.gov/#!documentDetail;D=EPA-HQ-ORD-2011-0739-0008
https://www.regulations.gov/#!documentDetail;D=EPA-HQ-ORD-2011-0739-0008
https://www.regulations.gov/#!documentDetail;D=EPA-HQ-ORD-2011-0739-0008
https://ntrl.ntis.gov/NTRL/dashboard/searchResults.xhtml?searchQuery=OTS0206411 
https://ntrl.ntis.gov/NTRL/dashboard/searchResults.xhtml?searchQuery=OTS0206411 
https://ntrl.ntis.gov/NTRL/dashboard/searchResults.xhtml?searchQuery=PB223159
https://ntrl.ntis.gov/NTRL/dashboard/searchResults.xhtml?searchQuery=PB223159
https://ntrl.ntis.gov/NTRL/dashboard/searchResults.xhtml?searchQuery=PB223159
http://www.nap.edu/openbook.php?record_id=366&page=R1
http://www.nap.edu/openbook.php?record_id=366&page=R1
http://www.oecd.org/chemicalsafety/risk-assessment/33883530.pdf
http://www.oecd.org/chemicalsafety/risk-assessment/33883530.pdf


Li et al.

712	 volume 124 | number 6 | June 2016  •  Environmental Health Perspectives

of the DNA-binding metabolite(s) of sodium ortho-
phenylphenol. Mutat Res 286:309–319.

Pecchiai L, Saffiotti U. 1957. Study of the toxicity of 
biphenyl, oxydiphenyl and their mixture (Dowtherm) 
[in Italian]. Med Lav 48:247–254.

Powis G, Moore DJ, Wilke TJ, Santone KS. 1987. A 
high-performance liquid chromatography assay 
for measuring integrated biphenyl metabolism by 
intact cells: its use with rat liver and human liver 
and kidney. Anal Biochem 167:191–198.

Probst GS, McMahon RE, Hill LE, Thompson CZ, Epp JK, 
Neal SB. 1981. Chemically induced unscheduled 
DNA synthesis in primary rat hepatocyte cultures: 
a comparison with bacterial mutagenicity using 218 
compounds. Environ Mutagen 3:11–32.

Purchase IFH, Longstaff E, Ashby J, Styles JA, 
Anderson D, Lefevre PA, et al. 1978. An evalua-
tion of 6 short-term tests for detecting organic 
chemical carcinogens. Br J Cancer 37:873–903.

Rencüzoğullari E, Parlak S, Ila HB. 2008. The effects 
of food protector biphenyl on sister chromatid 
exchange, chromosome aberrations, and micro-
nucleus in human lymphocytes. Drug Chem Toxicol 
31:263–274.

Sasaki YF, Kawaguchi S, Kamaya A, Ohshita M, 
Kabasawa K, Iwama K, et al. 2002. The comet assay 
with 8 mouse organs: results with 39 currently used 
food additives. Mutat Res 519:103–119.

Sasaki YF, Saga A, Akasaka M, Yoshida K, Nishidate E, 
Su YQ, et al. 1997. In vivo genotoxicity of ortho-
phenylphenol, biphenyl, and thiabendazole detected 
in multiple mouse organs by the alkaline single cell 
gel electrophoresis assay. Mutat Res 395:189–198.

Schlosser PM, Bale AS, Gibbons CF, Wilkins A, 
Cooper GS. 2015. Human health effects of dichloro
methane: key findings and scientific issues. 
Environ Health Perspect 123:114–119, doi:10.1289/
ehp.1308030.

Seppäläinen AM, Häkkinen I. 1975. Electrophysiological 
findings in diphenyl poisoning. J Neurol Neurosurg 
Psychiatry 38:248–252.

Shibata MA, Tanaka H, Yamada M, Tamano S, 
Fukushima S. 1989a. Proliferative response of renal 
pelvic epithelium in rats to oral administration of 
ortho-phenylphenol, sodium ortho-phenylphenate 
and diphenyl. Cancer Lett 48:19–28.

Shibata MA, Yamada M, Tanaka H, Kagawa M, 
Fukushima S. 1989b. Changes in urine composition, 
bladder epithelial morphology, and DNA synthesis 
in male F344 rats in response to ingestion of bladder 
tumor promoters. Toxicol Appl Pharmacol 99:37–49.

Shiraiwa K, Takita M, Tsutsumi M, Kinugasa T, 
Denda  A, Takahashi S, et  al. 1989. Diphenyl 
induces urolithiasis but does not possess the 

ability to promote carcinogenesis by N-ethyl-
N-hydroxyethylnitrosamine in kidneys of rats. 
J Toxicol Pathol 2:41–48.

Smith RA, Christenson WR, Bartels MJ, Arnold LL, 
St John MK, Cano M, et al. 1998. Urinary physi-
ologic and chemical metabolic effects on the 
urothelial cytotoxicity and potential DNA adducts 
of o-phenylphenol in male rats. Toxicol Appl 
Pharmacol 150:402–413.

Snyder RD, Matheson DW. 1985. Nick translation—a 
new assay for monitoring DNA damage and repair 
in cultured human fibroblasts. Environ Mutagen 
7:267–279.

Sofuni T, Hayashi M, Matsuoka A, Sawada M, 
Hatanaka M, Ishidate M Jr. 1985. Mutagenicity 
tests on organic chemical contaminants in city 
water and related compounds. II. Chromosome 
aberration tests in cultured mammalian cells [in 
Japanese]. Eisei Shikenjo Hokoku 103:64–75.

Stuehmeier G, Legrum W, Netter KJ. 1982. Does cobalt 
pretreatment of mice induce a phenobarbitone-
type cytochrome P-450. Xenobiotica 12:273–282.

Sun (Sun Company Inc.). 1977. 90-day inhalation 
toxicity study of biphenyl (99 + % purity) in CD1 
mice. Radnor, PA:Sun Company.

Tani S, Yonezawa Y, Morisawa S, Nishioka H. 2007. 
Development of a new E. coli strain to detect 
oxidative mutation and its application to the fungi-
cide o-phenylphenol and its metabolites. Mutat 
Res 628:123–128.

Umeda Y, Aiso S, Arito H, Nagano K, Matsushima T. 
2004. Induction of peroxisome proliferation in the 
liver of biphenyl-fed female mice. J Occup Health 
46:486–488.

Umeda Y, Aiso S, Yamazaki K, Ohnishi M, Arito H, Nagano 
K, et al. 2005. Carcinogenicity of biphenyl in mice by 
two years feeding. J Vet Med Sci 67:417–424.

Umeda Y, Arito H, Kano H, Ohnishi M, Matsumoto M, 
Nagano K, et al. 2002. Two-year study of carcino-
genicity and chronic toxicity of biphenyl in rats. 
J Occup Health 44:176–183.

U.S. EPA (U.S. Environmental Protection Agency). 
1988. Recommendations for and Documentation 
of Biological Values for Use in Risk Assessment. 
EPA/600/6-87/008. Cincinnati, OH:U.S. EPA, 
National Center for Environmental Assessment.

U.S. EPA. 1998. Status of Pesticides in Registration, 
Reregistration, and Special Review (Rainbow 
Report). Washington, DC:U.S. EPA, Office of 
Pesticide Programs. Available: http://nepis.epa.
gov/Exe/ZyPURL.cgi?Dockey=20001MTM.TXT 
[accessed 20 October 2015].

U.S. EPA. 2005. Guidelines for Carcinogen Risk 
Assessment.  EPA/630/P-03/001F (CAS No. 

92-52-4). Washington, DC:U.S. EPA. Available: 
http://www2.epa.gov/sites/production/files/2013-09/
documents/cancer_guidelines_final_3-25-05.pdf 
[accessed 20 October 2015].

U.S. EPA. 2013. Toxicological Review of Biphenyl. 
EPA/635/R-11/005F. Washington, DC:U.S. EPA. 
Available:  https://cfpub.epa.gov/ncea/ir is/
iris_documents/documents/toxreviews/0013tr.pdf 
[accessed 14 April 2016].

U.S. EPA. 2014a. Search Superfund Site Information. 
Contaminants: Biphenyl. Available: https://cumulis.
epa.gov/supercpad/Cursites/srchsites.cfm 
[accessed 11 April 2016].

U.S. EPA. 2014b. Section 112(b) List of Hazardous 
Air Pollutants. Available: http://www.epa.ohio.
gov/portals/27/general/haplist.pdf [accessed 
20 October 2015].

U.S. EPA. 2016a. Integrated Risk Information System 
Guidance Documents. Available: https://www.epa.
gov/iris/basic-information-about-integrated-risk-
information-system#guidance [accessed 22 April 
2016].

U.S. EPA. 2016b. The Clean Air Act. Available: https://
www.epa.gov/clean-air-act-overview [accessed 
11 April 2016].

Van Vleet TR, White MR, Sanderson TP, Cohen SM, 
Cano M, Arnold LL, et al. 2007. Subchronic urinary 
bladder effects of muraglitazar in male rats. 
Toxicol Sci 96:58–71.

Wangenheim J, Bolcsfoldi G. 1988. Mouse lymphoma 
L5178Y thymidine kinase locus assay of 50 
compounds. Mutagenesis 3:193–205.

Wastensson G, Hagberg S, Andersson E, Johnels B, 
Barregård L. 2006. Parkinson’s disease in 
diphenyl-exposed workers—a causal association? 
Parkinsonism Relat Disord 12:29–34.

Westinghouse Electric Corporation. 1977. Potential 
Carcinogenicity Testing of PCB Replacements Using 
the Ames Test with Cover Letter. NTIS OTS0206616. 
Pittsburgh, PA:Westinghouse Electric Corporation. 
Available: https://ntrl.ntis.gov/NTRL/dashboard/
searchResults.xhtml?searchQuery=OTS0206616 
[accessed 20 October 2015].

Wiebkin P, Fry JR, Jones CA, Lowing R, Bridges JW. 
1976. The metabolism of biphenyl by isolated 
viable rat hepatocytes. Xenobiotica 6:725–743.

Wiebkin P, Schaeffer BK, Longnecker DS, Curphey TJ. 
1984. Oxidative and conjugative metabolism of 
xenobiotics by isolated rat and hamster acinar 
cells. Drug Metab Dispos 12:427–431.

Williams GM, Mori H, McQueen CA. 1989. Structure-
activity relationships in the rat hepatocyte 
DNA-repair test for 300 chemicals. Mutat Res 
221:263–286.

http://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=20001MTM.TXT
http://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=20001MTM.TXT
http://www2.epa.gov/sites/production/files/2013-09/documents/cancer_guidelines_final_3-25-05.pdf
http://www2.epa.gov/sites/production/files/2013-09/documents/cancer_guidelines_final_3-25-05.pdf
https://cfpub.epa.gov/ncea/iris/iris_documents/documents/toxreviews/0013tr.pdf
https://cfpub.epa.gov/ncea/iris/iris_documents/documents/toxreviews/0013tr.pdf
https://cumulis.epa.gov/supercpad/Cursites/srchsites.cfm
https://cumulis.epa.gov/supercpad/Cursites/srchsites.cfm
http://www.epa.ohio.gov/portals/27/general/haplist.pdf
http://www.epa.ohio.gov/portals/27/general/haplist.pdf
https://www.epa.gov/iris/basic-information-about-integrated-risk-information-system#guidance
https://www.epa.gov/iris/basic-information-about-integrated-risk-information-system#guidance
https://www.epa.gov/iris/basic-information-about-integrated-risk-information-system#guidance
https://www.epa.gov/clean-air-act-overview
https://www.epa.gov/clean-air-act-overview
https://ntrl.ntis.gov/NTRL/dashboard/searchResults.xhtml?searchQuery=OTS0206616
https://ntrl.ntis.gov/NTRL/dashboard/searchResults.xhtml?searchQuery=OTS0206616

